Introduction
============

Tissue engineering is an emerging interdisciplinary field that applies the principles of biology and engineering to the development of functional substitutes that restore, maintain, or improve the function of damaged tissue or organs. A major challenge of tissue engineering is to design functional materials that can promote productive and efficient cellular activity. With the advancement of material science, biologically inspired materials are being designed to promote biocompatibility and enhance cellmaterial interactions to improve the integration of medical implants.[@b1-ijn-8-2745]

Cellular behaviors, such as changes in adhesion, morphology, migration, and orientation, as well as focal adhesions and cytoskeleton development and differentiation, are known to be highly affected by the surface topography and local microenvironment of the substrate. Features of an implant surface, such as composition, topography, and roughness, play an important role in cell-material integration.[@b2-ijn-8-2745],[@b3-ijn-8-2745] Surface engineering with advanced technologies, including the incorporation of nanotopography, can be used to mimic the natural repair process of the human body, because these surface topographic features on the nanoscale may resemble the natural extracellular matrix in which cells reside and interact.[@b4-ijn-8-2745] It is therefore hypothesized that nanoscale topographic surface cues can be tailored to regulate cell function in much the same way as the extracellular matrix regulates cell function. Previous studies have shown that a topographically patterned surface and chemical surface features can provide controllable cell-material interaction that influences cellular responses ranging from morphology and alignment to adhesion, growth, and differentiation.[@b5-ijn-8-2745]--[@b7-ijn-8-2745]

Alumina has been used widely as an implanted inorganic scaffold material in tissue engineering because of its biocompatibility and mechanical properties. Porous alumina has received a great deal of attention from the field of bone regeneration, because bone cells can penetrate throughout the interconnected pores and grow on their biocompatible surfaces, which would be expected to promote fast bone ingrowth by providing a three-dimensional environment.[@b8-ijn-8-2745],[@b9-ijn-8-2745] Previous studies have demonstrated that it is possible to influence cellular attachment and mineralization of osteoblasts by varying the pore size of nanoporous alumina.[@b10-ijn-8-2745] Swan et al found that a nanoporous alumina substrate with 72 nm pores promoted osteoblast adhesion.[@b11-ijn-8-2745] The HepG2 hepatoma cell line was observed to have grown homogeneously over the nanostructured alumina surface.[@b12-ijn-8-2745] The high porosity also allows diffusion of nutrients, oxygen, and waste products, which is advantageous for cell growth. These reports indicate that nanoporous alumina could be regarded as an ideal cell culture substrate for further tissue engineering application.

Another current challenge in the development of tissue engineering is the lack of a renewable cell source. Stem cells are promising cell sources in therapeutic and regenerative medicine. As immature or undifferentiated cell types, stem cells are able to differentiate into a variety of more specialized cell types, such as osteoblasts, chondroblasts, myoblasts, adipocytes, and tenocytes under certain types of stimulation.[@b13-ijn-8-2745]--[@b17-ijn-8-2745] Further, stem cells can easily be harvested from donor sites and cultured into a wide range of tissues. Stem cells are therefore becoming an attractive cell source for the repair of damaged or defective tissues and organs in the human body.

Numerous studies have focused on the response of stem cells to nanostructured materials. However, few data are available concerning cellular responses of mesenchymal stem cells (MSCs) to nanoporous alumina. Understanding the influence of nanoporous alumina surface topography on the behavior of MSCs is of crucial importance in developing biomaterials for orthopedic surgery and tissue engineering.

The purpose of the present study was to investigate the in vitro behavior of MSCs cultured on nanoporous alumina substrates with different pore sizes, and the effect of nanosize on cell adhesion, proliferation, morphology, and osteogenic differentiation.

Materials and methods
=====================

Nanoporous alumina
------------------

Commercially available nanoporous alumina membranes with pore diameters of 20 nm and 100 nm (Anodisc®, Whatman International Ltd Maidstone, UK) were used in this study. The membranes were ultrasonically cleaned twice in ethanol for 30 minutes each, and then dried at room temperature on a clean bench. They were stored in a vacuum oven until use. Smooth alumina was purchased from Alfa Aesar (Ward Hill, MA, USA) and used as a control. The alumina was washed with ethanol and distilled water before use. The surface topography of the membranes was examined with a scanning electron microscope (7000FK, JEOL Ltd Tokyo, Japan).

Surface characterization with atomic force microscopy
-----------------------------------------------------

Nanoporous alumina surface topography were characterized by atomic force microscopy (Veeco NanoMan VS-1N) in the tapping mode. The force applied to the cantilever was adjusted manually to approximately 50 pN. This force was just sufficient for the stylus of the cantilever to remain in contact with the surface during the scanning process. To optimize image quality, the scanning rate was kept between 0.5 Hz and 2 Hz and feedback gains were finely tuned during imaging.

Culture of MSCs
---------------

MSCs were purchased from the Health Science Research Resources Bank, Osaka, Japan. The cells were cultured in 25 cm^2^ flasks at 37°C in a humidified incubator containing 5% CO~2~. The culture medium was Dulbecco's Modified Eagle's Medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 μg/mL of streptomycin. Upon reaching confluence, cells were detached with 0.05% trypsin/0.02% ethylenediamine tetra-acetic acid collected by centrifugation, and resuspended in Dulbecco's Modified Eagle's Medium. The cells were counted using a hemocytometer, and approximately 2 × 10^5^ cells were seeded onto the alumina membrane. The membranes were then incubated at 37°C for 6 hours to allow the cells to attach to the material, after which the alumina membranes were transferred to a new cell culture plate. An osteoblast differentiation medium (Cell Application Inc, San Diego, CA, USA) was employed for osteogenic differentiation. All media were changed every 3 days.

Cell viability
--------------

An MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to estimate the density of viable cells on the substrates. After the MSCs were cultured on the nanostructured alumina surface for 1, 4, and 7 days, the medium was changed and 200 μL of MTT 5 mg/mL (Wako Pure Chemical Industries Ltd Osaka, Japan) was added and incubated at 37°C for another 4 hours. The medium containing MTT was removed and 1.5 mL of dimethyl sulfoxide was added to each well to dissolve the formazan crystals. The optical density of the solution was measured at a wavelength of 490 nm with a microplate reader (680, Bio-Rad Hercules, CA, USA).

Immunofluorescence staining
---------------------------

After 2 days of culture, the MSCs that adhered to substrates were fixed with 4% paraformaldehyde at room temperature for 20 minutes. Samples were then washed three times with phosphate-buffered saline and permeabilized with 0.25% Triton X-100 at room temperature for 30 minutes. The treated samples were then incubated with 1% bovine serum albumin/phosphate-buffered saline at 37°C for one hour. Subsequently, a goat monoclonal antibody against integrin β1 (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added at 4°C, and the samples were allowed to stand overnight. Mouse-antigoat rhodamine-conjugated secondary antibody (1:100 dilution, Santa Cruz Biotechnology) was then added at room temperature and allowed to stand for 10 minutes. The samples were rinsed three times with phosphate-buffered saline, stained with 0.5 μM Alexa Fluor 488-conjugated phalloidin, and allowed to stand at room temperature for 2 hours. The nuclei of the MSCs were stained with 10 μg/mL DAPI (4',6-diamidino-2-phenylindole), counterstained with mounting medium, and allowed to stand at room temperature for 5 minutes. The stained samples were then observed by confocal laser scanning microscopy (Nikon, Tokyo, Japan).

Observation and analysis of cell morphology
-------------------------------------------

To observe cell morphology on the nanoporous alumina substrates, the cells were rinsed with phosphate-buffered saline after incubation for 4 days, and then fixed with 2.5% glutaraldehyde (Wako Pure Chemical Industries Ltd) in phosphate-buffered saline for one hour at room temperature. After thorough washing with phosphate-buffered saline, the cells were dehydrated in a graded series of ethanol (70%, 80%, 90%, 95%, and 99.5%) for 15 minutes each and air-dried at room temperature. The fixed samples were sputter-coated with gold (E-200S, Canon, Tokyo, Japan) and cell morphology was examined using scanning electron microscopy.

The length and width of the MSCs were measured using ImageJ software as measures of the differences in cell morphology observed in the scanning electron microscopy results. The ratio of obtained cell length to cell width was termed the cell elongation ratio. At least 30 cells in each group were measured.

Alkaline phosphatase activity
-----------------------------

Quantitative detection of alkaline phosphatase activity was determined using an assay based on the hydrolysis of p-nitrophenylphosphate to p-nitrophenol to measure osteogenic differentiation of MSCs cultured on the substrate. MSCs were cultured on nanostructured alumina substrates for 1, 2, and 3 weeks. Next, 20 μL of the cell lysate was added to 100 μL of working reagent. The samples were then incubated at 37°C for 15 minutes. After incubation, the reaction was stopped with 80 μL of sodium hydroxide. Absorption at a wavelength of 405 nm was measured using a 680 spectrophotometric microplate reader (Bio-Rad). Alkaline phosphatase activity was normalized by total intra-cellular protein production and expressed as micromoles per milligram protein per minute.

Total protein content was measured using a bicinchoninic acid protein assay. The cell-based scaffolds were assayed after culture for 1, 2, and 3 weeks. After the medium was removed from the cell culture, the MSCs were washed with phosphate-buffered saline, and 300 μL of a detergent-based lysis buffer (M-PER Mammalian Protein Extraction Reagent, Pierce Chemical Co, Rockford, IL, USA) and a protease inhibitor (phenylmethylsulfonyl fluoride and ethylenediamine tetra-acetic acid, 1:100 dilution) were added to collect the total cellular protein. Total protein content in the cell lysates was measured using a bicinchoninic acid assay kit (Pierce Chemical Co). Next, 25 μL of Triton lysate was added to 200 μL of bicinchoninic acid working solution, and the mixture was incubated for 30 minutes at 37°C. The protein concentration was determined from the absorbance at a wavelength of 570 nm by a 680 spectrophotometric microreader (Bio-Rad).

Real-time PCR
-------------

Total ribonucleic acid (RNA) of the cells on different substrates was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse transcripts were performed using a High Capacity RNA-to-cDNA kit (Applied Biosystems, Bedford MA, USA) with approximately 1.5 μg of total RNA in a final 20 μL reaction volume. Real-time polymerase chain reaction (PCR) was performed using a Taqman Gene Expression Master Mix (Applied Biosystems) on a 7300 real-time PCR system (Applied Biosystems). Predesigned MGB probes of glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905_m1), integrin ß1 (Hs00559595_m1), and osteocalcin (Hs00609452_g1) (Applied Biosystems) were used to detect relative gene expression. The GAPDH expression level was used as an endogenous control. Expression levels were normalized to GAPDH and calculated using a standard curve method.

Mineralization assay
--------------------

Alizarin red staining was used to detect mineralization. The staining was performed after incubation for 4 weeks, as described in a previous study[@b18-ijn-8-2745] Cultured cells were fixed in 4% paraformaldehyde and treated with 40 mM Alizarin red S (pH 4.1, Sigma, St Louis, MO, USA) for 20 minutes at room temperature. The mixture was gently shaken. After aspiration of the unincorporated dye, the samples were washed four times with distilled water while they were shaken for 5 minutes. To quantify staining, 10% v/v acetic acid was added to each sample and incubated for 30 minutes while the sample was shaken. The surface layer on the substrate was collected with acetic acid (10%, v/v) and transferred to microcentrifuge tubes. The tubes were heated to 85°C for 10 minutes and then centrifuged at 20,000 g per minute for 15 minutes. The supernatant was transferred to a new microcentrifuge tube and neutralized with 10% v/v ammonium hydroxide. Absorbance of the supernatant was measured at a wavelength of 405 nm using a 680 spectrophotometric microplate reader (Bio-Rad).

Statistical analysis
--------------------

Data are represented as the mean ± the standard deviation. Statistical analysis to compare results between two groups was carried out using an unpaired Student's *t*-test. *P* \< 0.05 was considered to be statistically significant.

Results
=======

Surface characterization
------------------------

[Figure 1A](#f1-ijn-8-2745){ref-type="fig"}--[C](#f1-ijn-8-2745){ref-type="fig"} shows scanning electron microscopic images of the surface topography of smooth alumina and nanoporous alumina with 20 nm and 100 nm pores, respectively. The nanoporous alumina surfaces were flat, and the circular pores were homogeneously distributed on the surface. The depth of the pores was 60 μm, which is the same as the thickness of the membranes. [Figure 1D](#f1-ijn-8-2745){ref-type="fig"} shows a cross-sectional scanning electron microscopic image of nanoporous alumina with pores of 100 nm. The surface contact area of porous alumina was obtained by calculations from the scanning electron microscopic images in [Figure 1B](#f1-ijn-8-2745){ref-type="fig"} and [C](#f1-ijn-8-2745){ref-type="fig"} using ImageJ software ([Figure 1E](#f1-ijn-8-2745){ref-type="fig"}). Porous alumina with 20 nm pores showed a larger contact area than alumina with 100 nm pores. The surface topography and profile of the alumina substrates was characterized by atomic force microscopy. Three-dimensional surface topographies of the smooth alumina and nanoporous alumina are shown in [Figure 2A](#f2-ijn-8-2745){ref-type="fig"}--[C](#f2-ijn-8-2745){ref-type="fig"}, respectively, and their corresponding surface profiles are shown in [Figure 2D](#f2-ijn-8-2745){ref-type="fig"}--[F](#f2-ijn-8-2745){ref-type="fig"}. The valleys observed in [Figure 2B](#f2-ijn-8-2745){ref-type="fig"} and [C](#f2-ijn-8-2745){ref-type="fig"} indicate pores on the membranes. The profiles shown in [Figure 2E](#f2-ijn-8-2745){ref-type="fig"} and [F](#f2-ijn-8-2745){ref-type="fig"} suggest that the pores were uniformly distributed on the alumina surfaces and that the pore diameter corresponded to the values measured by scanning electron microscopy.

Cell viability
--------------

An MTT assay was used to evaluate the viability of MSCs cultured on different substrates. The representative absorbance of the MSCs is shown in [Figure 3](#f3-ijn-8-2745){ref-type="fig"}. MSCs cultured on nanoporous alumina substrates with either 20 nm pores or 100 nm pores showed significantly higher cell viability (*P* \< 0.05) than those cultured on smooth alumina after incubation for 4 days and 7 days. This result indicates that porous alumina is advantageous for cell growth. However, cell viability decreased with increasing pore size.

Immunofluorescence staining and expression of integrin β1
---------------------------------------------------------

Cytoskeletal actin, nuclei, and integrin β1 were immunostained to investigate the adhesion and spreading of MSCs on different substrates ([Figure 4A](#f4-ijn-8-2745){ref-type="fig"}). MSCs cultured on nanoporous alumina showed clearly enhanced integrin β1 expression compared with those on smooth alumina. The expression of integrin β1 was also quantitatively analyzed using real-time PCR ([Figure 4B](#f4-ijn-8-2745){ref-type="fig"}). The expression of integrin β1 in MSCs cultured on nanoporous alumina was relatively higher than that in MSCs cultured on smooth alumina, but the difference was not significant (*P* \> 0.05). The expression of integrin β1 in cells cultured on nanoporous alumina with 20 nm pores was higher than in those cultured on alumina with 100 nm pores.

Morphology of MSCs
------------------

MSCs were cultured on different alumina substrates for 4 days and observed using scanning electron microscopy to observe the effect of surface topography on cell morphology ([Figure 5](#f5-ijn-8-2745){ref-type="fig"}). MSCs cultured on smooth alumina appeared to be rounder and more stationary than those cultured on alumina with 20 nm or 100 nm pores. They lacked noticeable filopodia extensions ([Figure 5A](#f5-ijn-8-2745){ref-type="fig"} and [D](#f5-ijn-8-2745){ref-type="fig"}). Cells cultured on alumina with 20 nm pores exhibited a higher level of cell spreading than the 100 nm group ([Figure 5B](#f5-ijn-8-2745){ref-type="fig"} and [E](#f5-ijn-8-2745){ref-type="fig"}). However, elongated cell morphology and prominent filopodia extensions were also observed in cells cultured on alumina with 100 nm pores ([Figure 5C](#f5-ijn-8-2745){ref-type="fig"} and [F](#f5-ijn-8-2745){ref-type="fig"}).

Cell elongation was quantitatively analyzed to understand further the relationship between the nanoscale topography and cell morphology ([Figure 6](#f6-ijn-8-2745){ref-type="fig"}). The elongation ratio of MSCs cultured on alumina with 100 nm pores was greater than that of MSCs cultured on alumina with 20 nm pores. Cells adhering to the 20 nm-sized porous alumina (as well as to the smooth alumina) showed an isotropic configuration, with an overall average elongation ratio of approximately 4.9. Cells cultured on 100 nm-sized porous alumina showed an average elongation ratio as large as about 9.5, which was significantly larger than that of the other two groups (*P* \< 0.05).

Alkaline phosphatase activity
-----------------------------

Alkaline phosphatase activity was evaluated to investigate the osteoblastic differentiation of MSCs cultured on different substrates with the osteoblastic differentiation induction medium. Alkaline phosphatase, which is involved in the mineralization of skeletal tissues, is a membrane enzyme, the activity of which is commonly used as a marker of osteoblastic differentiation in in vitro studies.[@b19-ijn-8-2745] The alkaline phosphatase activity of MSCs was measured after incubation for 1, 2, and 3 weeks. As shown in [Figure 7](#f7-ijn-8-2745){ref-type="fig"}, significantly higher alkaline phosphatase activity was detected in MSCs cultured on nanoporous alumina substrates than those cultured on smooth alumina after 2 weeks of culture. However, the alkaline phosphatase activity of MSCs cultured on all substrates for 3 weeks was slightly lower compared with cells cultured on all substrates at week 2. The MSCs that adhered to the 100 nm-sized porous alumina showed a relatively higher ALP activity than those adhered to the 20 nm-sized porous alumina.

Gene expression of osteocalcin
------------------------------

Osteocalcin is a bone-specific protein synthesized by osteoblasts, and represents a good marker of osteogenic maturation.[@b20-ijn-8-2745][Figure 8A](#f8-ijn-8-2745){ref-type="fig"} shows the relative osteocalcin expression of MSCs adhering to different substrates after incubation with induction medium for 3 weeks. A higher level of osteocalcin expression was detected in MSCs cultured on nanoporous alumina substrates than in those cultured on smooth alumina (*P* \< 0.05). Expression of osteocalcin was enhanced in cells cultured on alumina with 100 nm pores compared with the 20 nm group.

Mineralization of MSCs
----------------------

Mineralization of MSCs cultured on nanoporous alumina and smooth alumina substrates, with and without induction medium, was quantitatively measured by Alizarin red staining to detect differentiation of MSCs. [Figure 8B](#f8-ijn-8-2745){ref-type="fig"} demonstrates the quantified mineralization of MSCs on different substrates with and without induction medium after incubation for 4 weeks. MSCs cultured on alumina substrates without induction medium showed lower mineralization. Mineralization was greater in cells cultured on nanoporous alumina compared with those cultured on smooth alumina, but the difference was not significant. However, mineralization of cells cultured on nanoporous alumina with osteogenic induction medium was significantly higher than that detected in cells cultured on smooth alumina with induction medium.

Discussion
==========

It is well known that the cellular microenvironment plays an important role in regulating cell behavior. Cellular responses to materials, such as adhesion, migration, cytoskeleton development, proliferation, and differentiation, are highly affected by material surface characteristics.[@b21-ijn-8-2745]

Compared with MSCs cultured on smooth alumina, cells grown on nanoporous alumina substrates showed higher cell viability (*P* \< 0.05) after incubation for 4 and 7 days. Additionally, higher cell viability was detected in cells cultured on 20 nm-sized nanoporous alumina substrates. This result demonstrates that the surface topography of nanoporous alumina did affect viability of cells. Popat et al demonstrated that proliferation of human fetal osteoblasts was higher in cells cultured on alumina with 90 nm pores than in those cultured on alumina with 200 nm pores.[@b22-ijn-8-2745] Chung et al demonstrated that proliferation of epithelial cells was higher when cultured on alumina with 30 nm pores compared with alumina with larger pores.[@b23-ijn-8-2745] A higher proliferation rate was detected in NIH/3T3 cells cultured on alumina with 75 nm pores than in those cultured on alumina with 300 nm pores.[@b24-ijn-8-2745] Although the cell types differed, higher cell viability was consistently observed in cells cultured on alumina substrate with smaller pore sizes. In other studies in which MSCs were cultured on TiO~2~ nanotubes with varying diameters, higher cell viability was observed in nanotubes with a smaller diameter (15 nm).[@b25-ijn-8-2745],[@b26-ijn-8-2745] Although different structures and materials were used, the increased cell viability on smaller substrates indicates that cell behaviors are regulated by a similar mechanism.

Cell interactions with extracellular surfaces, such as the extracellular matrix and other cells, are mediated by integrins that control cellular activities, including adhesion, changes in cell shape, proliferation, migration, differentiation, and apoptosis, in a synergistic manner with hormones and growth factors.[@b27-ijn-8-2745],[@b28-ijn-8-2745] Integrins are transmembrane receptors that mediate attachment between a cell and surrounding tissues. Integrins can transmit information from extracellular ligands to cells to regulate cell responses, such as cell migration, cell survival, and growth. This type of integrin signaling is called outside-in signaling. Outside-in signaling is dependent on adaptors or scaffold proteins that link integrins to kinases, such as focal adhesion kinase, vinculin, paxillin, and Src.[@b29-ijn-8-2745],[@b30-ijn-8-2745] Another form of integrin signaling is known as inside-out signaling, which transmits intracellular signals to the outside of cells to regulate their affinity for extracellular ligands by undergoing conformational changes that activate the integrins.[@b31-ijn-8-2745] Previous studies have shown that integrin β1 is required for cell spreading, adhesion, and proliferation.[@b32-ijn-8-2745]--[@b34-ijn-8-2745] The present study demonstrated that the expression level of integrin β1 was consistent with the relationship between cell viability and alumina nanoporosity. The diameter of integrin located in the cell membrane is 8--12 nm,[@b35-ijn-8-2745],[@b36-ijn-8-2745] which is near the 20 nm size of the smaller pores in the alumina membrane. The enhanced β1 integrin expression in MSCs cultured on alumina substrate with 20 nm pores indicates that a pore size of 20 nm is optimal for the activation of integrin through inside-out signaling, which causes conformational changes and clustering of integrin. The activated integrins can transmit the outside-in signaling into the cell nucleus by phosphorylating focal adhesion kinase and Src to regulate MSC responses, such as proliferation and differentiation.[@b34-ijn-8-2745],[@b37-ijn-8-2745]--[@b39-ijn-8-2745]

MSCs interact with the nanotopography of the porous alumina substrate by changing both their external and internal shapes. A unique pattern of cell morphology that included elongated cells and prominent filopodia was observed on alumina substrates with 100 nm pores. Oh et al have reported that adhesion of cells is determined by initial adsorption of fibronectin and albumin from the culture medium, and that more protein, including fibronectin and albumin, could be deposited on a surface with smaller pores.[@b26-ijn-8-2745] Dolatshahi-Pirouz et al demonstrated the importance of fibronectin-coated gold and hydroxyapatite surfaces for shape and spreading of MSCs.[@b40-ijn-8-2745] Garcia et al demonstrated that conformation of the adsorbed protein (fibronectin) was influenced by surface topography, because its specific RGD binding sequence can be either freely available or hidden.[@b41-ijn-8-2745] Fewer MSCs were attached to the alumina substrate with 100 nm pores due to less deposited protein, a hidden RGD binding sequence, and a larger pore-to-pore distance on a surface with larger pores. The larger pore-to-pore distance on an alumina surface with 100 nm pores also caused tension in the actin cytoskeleton and stress on the MSCs, and ultimately caused elongated cell morphology.

Cell morphology is regarded as a determinant of cell growth, cytoskeletal arrangement, and differentiation for a variety of cell types.[@b42-ijn-8-2745]--[@b44-ijn-8-2745] McBeath et al found that cell shape plays an important role in osteogenic differentiation of MSCs by regulating local focal adhesion assembly and the actin cytoskeleton.[@b45-ijn-8-2745] Additionally, integrin subunits are known to be critical for activating focal adhesion kinase.[@b38-ijn-8-2745] The changes in cell morphology observed in the present study therefore affected the growth behavior and osteogenic differentiation of MSCs.

Surface contact area also plays an important role in cell adhesion and proliferation. Alumina surfaces with 20 nm pores had a larger contact area than the surfaces with 100 nm pores. When MSCs were first seeded on the substrates, it was easier for them to adhere to the substrates with 20 nm pores because of the larger contact area, which led to greater proliferation and more cell spreading. In contrast, MSCs cultured on alumina substrates with 100 nm pores had to elongate to obtain sufficient contact area for adherence. This explains the greater cell elongation observed in the 100 nm group.

Differentiation of stem cells is affected by many factors. Pittenger et al[@b46-ijn-8-2745] and McBeath et al[@b45-ijn-8-2745] reported that the initial cell-seeding density plays a critical role in the differentiation of MSCs. MSCs seeded at a lower cell density displayed better osteoblastic differentiation in the presence of a medium inducing osteogenesis. We have demonstrated in the present study that an alumina surface with 100 nm pores produces a lower cell number than that with 20 nm pores; however, an alumina surface with larger pores produces more osteogenic differentiation markers. It seems that the initial cell density has a lasting effect on the eventual fate of stem cells. Growth factors have been intensively studied as traditional regulatory factors in stem cell research. MSCs can be induced to differentiate into osteoblasts in vitro in the presence of dexamethasone, ascorbic acid, and β-glycerol phosphate.[@b47-ijn-8-2745] Bone morphogenetic proteins are members of the transforming growth factor-β superfamily, and play a central role in bone formation by inducing differentiation of MSCs into osteoblasts.[@b48-ijn-8-2745] Insulin-like growth factor I has been demonstrated to induce early osteoblastic differentiation of human MSCs.[@b49-ijn-8-2745] Nanotopography is now receiving more interest due to its advantageous features such as a larger surface-to-volume ratio and a higher degree of biological plasticity than conventional microstructures or macrostructures.[@b26-ijn-8-2745] Previous studies have shown that adhesion, migration, and proliferation of MSCs as well as their differentiation into osteoblasts are all strongly dependent on surface topography at the nanoscale.[@b50-ijn-8-2745],[@b51-ijn-8-2745] Dalby et al reported that randomly placed nanotopographies were able to induce osteogenic differentiation of MSCs.[@b52-ijn-8-2745]

Osteoblastic differentiation markers, including alkaline phosphatase activity, osteocalcin expression, and mineralization, were measured in the present study to validate the effect of nanoporous alumina on osteogenic differentiation of MSCs in induction medium. The enzymatic activity of alkaline phosphatase was quantitatively calculated to evaluate early osteogenic activity. MSCs cultured on alumina with 100 nm pores showed higher alkaline phosphatase activity than the 20 nm and smooth alumina groups. Alkaline phosphatase activity of MSCs was relatively lower after 3 weeks of culture than after 2 weeks of culture. Alkaline phosphatase activity is an established marker that is expressed in the early stage of osteoblastic differentiation. The decreased alkaline phosphatase activity seen in this study might be due to the fact that the differentiation of MSCs had already passed the early stage and reached the middle/late stage.[@b53-ijn-8-2745]

Osteoblastic differentiation of MSCs into functional differentiated osteoblasts requires a series of steps involving a number of proteins being expressed at each stage. Alkaline phosphatase is regarded as a marker for early osteoblastic differentiation, whereas secretion of osteocalcin and matrix mineralization are associated with the final differentiation phase. The expression of osteocalcin was therefore measured. By analyzing the PCR data, higher levels of osteocalcin were detected in MSCs cultured on alumina with 100 nm pores than in those cultured on 20 nm-sized pores and smooth alumina substrates.

Mineralization was measured after incubation for 4 weeks to evaluate osteogenic differentiation of MSCs on nanoporous alumina surfaces with and without induction medium. We found that MSCs cultured on alumina substrates without induction medium showed lower mineralization. Cells cultured on nanoporous alumina showed greater mineralization than cells cultured on smooth alumina, and the greatest mineralization occurred in cells cultured on alumina with 100 nm pores, but neither of these differences were found to be statistically significant. Significantly higher mineralization was detected in cells cultured on nanoporous alumina than in those cultured on smooth alumina. These results demonstrate that nanoporous alumina can induce differentiation of MSCs, and can significantly promote the differentiation effect of MSCs in the presence of osteogenic induction medium. Many studies have reported that substrate topography, such as that of nanotubes,[@b26-ijn-8-2745] nanopillars,[@b52-ijn-8-2745] and other nanostructures,[@b54-ijn-8-2745],[@b55-ijn-8-2745] can induce osteogenic differentiation of MSCs, although other research has indicated that three-dimensional polycaprolactone scaffolds cannot induce osteogenic differentiation of MSCs.[@b56-ijn-8-2745] These results indicate that substrate nanotopography combined with the presence of induction medium were advantageous for inducing differentiation of MSCs.

Osteoblast differentiation occurs through a multistep molecular pathway regulated by different transcription factors and signaling proteins, including Runx2, Osterix, and Wnt. The most important of those transcription factors for osteogenic differentiation is Runx2. Runx2 is a key transcriptional modulator of osteoblast differentiation that plays a fundamental role in osteoblast maturation and homeostasis by interacting with numerous transcription factors and coactivators to integrate signaling events within the cell nucleus.[@b57-ijn-8-2745],[@b58-ijn-8-2745] The molecular mechanisms by which Runx2 controls bone formation have been identified. By binding to the osteoblast-specific cis-acting sequence PuACCPuCA,[@b59-ijn-8-2745]--[@b61-ijn-8-2745] the Runx regulatory element regulates expression of several osteoblast genes, including alkaline phosphatase, type I collagen, osteopontin, bone sialoprotein, and osteocalcin, resulting in the establishment of an osteoblast phenotype.[@b62-ijn-8-2745],[@b63-ijn-8-2745] Recent work has demonstrated that the integrin-linked kinase/β-catenin pathway is also important in mediating signals from topographic cues to direct osteogenic differentiation of cells.[@b64-ijn-8-2745]

In this study, nanoporous alumina substrates with pore sizes of 20 nm and 100 nm were selected to evaluate the proliferation and differentiation of MSCs. Alumina with 100 nm pores showed the highest osteogenic differentiation capacity among the substrates tested. The effect of alumina with other pore sizes (eg, larger than 100 nm or between 20 nm and 100 nm) on the differentiation of MSCs is still unclear. Further studies are needed to determine the sensitivity of MSCs to alumina pore size.

Conclusion
==========

The present study investigated the effect of alumina nanotopography on the behavior of MSCs, as measured by cell proliferation, morphology, and osteogenic differentiation. We found that cell adhesion, proliferation, and differentiation are strongly correlated with alumina pore size. Reduced cell numbers, increased cell elongation, and prominent filopodia were documented in cells cultured on the alumina surfaces with larger pore sizes. MSCs cultured on nanoporous alumina with 100 nm pores also showed higher osteoblast differentiation in the presence of induction medium. The beneficial effects of the surface topography of nanoporous alumina on cell behavior suggest that this novel biocompatible material, when used in combination with stem cells, can serve as an effective tissue-engineering scaffold in therapeutic and regenerative medicine.
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![Scanning electron microscopic images of (**A**) a smooth alumina surface, (**B** and **C**) nanoporous alumina surfaces with pore diameters of 20 nm and 100 nm, respectively; (**D**) a cross-sectional scanning electron microscopic image of nanoporous alumina with 100 nm pores, and (**E**) surface contact area of alumina with different pore sizes.](ijn-8-2745Fig1){#f1-ijn-8-2745}

![Atomic force microscopic images and surface relief profiles of smooth alumina (**A** and **D**) and nanoporous alumina surfaces with pore diameters of 20 nm (**B** and **E**) and 100 nm (**C** and **F**).](ijn-8-2745Fig2){#f2-ijn-8-2745}

![Effect of nanoporous alumina substrate on cell viability. Mesenchymal stem cells were cultured on nanoporous alumina or smooth alumina surfaces for 1, 4, and 7 days and cell viability was measured using an MTT assay. \**P* \< 0.05 denotes a significant difference between the smooth alumina and nanoporous alumina.](ijn-8-2745Fig3){#f3-ijn-8-2745}

![Immunofluorescence staining (**A**) and quantitative polymerase chain reaction analysis (**B**) of integrin β1 expression in mesenchymal stem cells adhered to different substrates after incubation for 2 days. Cells were triple-stained with actin filaments (green), cell nuclei (blue), and integrin β1 (red). The expression level of integrin β1 was normalized to glyceraldehyde 3-phosphate dehydrogenase and calculated using the standard curve method.](ijn-8-2745Fig4){#f4-ijn-8-2745}

![Scanning electron microscopic images of mesenchymal stem cells on smooth alumina or nanoporous alumina substrates with different pore sizes after incubation for 4 days: smooth alumina (**A** and **D**), 20 nm pores (**B** and **E**), and 100 nm pores (**C** and **F**). Black arrows indicate membrane protrusions.](ijn-8-2745Fig5){#f5-ijn-8-2745}

![Effect of nanoporous alumina substrates on morphologic elongation of mesenchymal stem cells. \**P* \< 0.05 indicates a significant difference between the 100 nm pore group and the other two groups.](ijn-8-2745Fig6){#f6-ijn-8-2745}

![Effect of nanoporous alumina substrates on alkaline phosphatase activity. Mesenchymal stem cells were incubated on nanoporous alumina surfaces or smooth alumina for 1, 2, and 3 weeks. Alkaline phosphatase synthesized by mesenchymal stem cells on nanoporous alumina was normalized to total intracellular protein content. The results relative to the alkaline phosphatase activity were expressed in μmol/min/mg protein. \**P* \< 0.05 denotes a significant difference between the smooth alumina and nanoporous alumina. ^\#^*P* \< 0.05 denotes a significant difference between the smooth alumina and alumina with 100 nm pores.](ijn-8-2745Fig7){#f7-ijn-8-2745}

![(**A**) Quantitative polymerase chain reaction analysis for osteocalcin expression. Mesenchymal stem cells were cultured on nanoporous alumina surfaces or smooth alumina for 3 weeks. Expression of GAPDH was used as an endogenous control. Expression level of osteocalcin was normalized to GAPDH and calculated using the standard curve method. (**B**) Mineralization of mesenchymal stem cells on different substrates after 4 weeks of incubation. \**P* \< 0.05 denotes a significant difference between the smooth alumina and nanoporous alumina.\
**Abbreviation:** GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](ijn-8-2745Fig8){#f8-ijn-8-2745}
